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ABSTRACT 
Nanoengineered surfaces offer new possibilities to manipulate 
fluid transport and enhance heat dissipation characteristics for 
the development of efficient energy systems. In particular, 
nanostructures on these surfaces can be harnessed to achieve 
superhydrophilicity and superhydrophobicity, and to control 
liquid behavior and phase-change processes. In this work, we 
will describe recent developments focused on using 
superhydrophilic nanostructure design to manipulate liquid 
spreading behavior and directionalities. In the presence of 
asymmetric nanopillars, uni-directional spreading of water 
droplets can be achieved where the liquid spreads only in the 
direction of the pillar deflection and becomes pinned on the 
opposite interface. In the presence of fine features on the pillars, 
we observed a multi-layer spreading effect due to their 
associated energy barriers.  For both cases, we have developed 
energy-based models to accurately predict the liquid behavior 
as functions of pertinent parameters. Furthermore, we 
developed a semi-analytical model to predict liquid propagation 
rates in pillar arrays driven by capillarity.  The results offer 
design guidelines to optimize propagation rates for fluidic 
wicks.  These investigations offer insights and significant 
potential for the development and integration of advanced 
nanostructures to achieve efficient energy conversion systems.  
 
INTRODUCTION 
A significant  body of research in the past few decades have 
focused on using nanoengineered surfaces to achieve extreme 
static contact angles by magnifying the intrinsic hydrophobicity 
or hydrophilicity (1-5).  More recently, such surfaces have 
received interest to control and enhance fluid and heat transport 
processes to develop efficient energy systems.  Specifically, a 
significant bottleneck in renewable energy systems is related to 
the thermal management demands that limit energy conversion 
efficiencies.  For example, in concentrated photovoltaic systems 
(PVs), the inefficiencies in the cells result in significant heat 
generation that decreases electrical power output (6, 7) and 
leads to long-term degradation in the cells (8).   Solar 
thermoelectrics (9), solar thermophotovoltaics (10), and 
conventional solar thermal systems (11) face similar challenges 
where compact and efficient cooling solutions are needed to 
effectively transport and dissipate heat generated from these  
systems. The incorporation of nanostructure design using fluidic 
based cooling promise the development of passive, compact, 
and high heat flux solutions (12, 13). However, the rich physics 
associated with the complex fluid and heat interactions with 
nanostructures need to be well understood before taking 
advantage of surface design.  
This paper summarizes recent developments using 
superhydrophilic three-dimensional nanostructure design to 
manipulate fluid behavior.  We demonstrated that uni-
directional and multi-layer spreading can be achieved.  We 
developed energy-based models to accurately predict the liquid 
behavior as functions of pertinent parameters.  In addition, we 
also present a model that offers design guidelines for the 
optimization of propagation rates in structured arrays driven by 
capillarity.  These fundamental studies serve as a first step 
towards incorporating nanostructures for high performance 
thermal strategies to achieve efficient energy conversion 
systems.  
 
NANOSTRUCTURE FABRICATION 
We designed and fabricated three-dimensional hydrophilic 
nanostructured surfaces to investigate the effect of geometry on 
liquid behavior.  The structures were fabricated in silicon, 
where the pillar diameters ranged from 200 nm - 5 m with 
heights from 5-10 µm. The pillars were defined using projection 
or contact lithography, and etched using deep reactive ion 
etching (DRIE). During the DRIE process, the etch and 
passivation cycles were varied to create intentional side scallops 
on the nanopillars, as shown in Fig. 1a.  In addition, asymmetric 
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nanostructures were fabricated, by subsequently depositing a 
thin film of gold on one side of the pillars, as shown in Fig. 1b.  
The thickness of the gold film determined the deflection angle, 
owing to the residual stresses between the two materials.  The 
surfaces were then conformally coated with a hydrophilic 
polymer (where the contact angle of water on a polymer coated 
flat surface is 80°) to achieve uniform surface properties.   The 
deflection angles ranged from 0-52 degrees.  
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Fig 1. Three-dimensional nanostructures fabricated in silicon.  
a) Nanopillars with  side scallops on the sides of the features.  
b) Asymmetric nanostructures deflected at approximately 12 
degrees. 
Detailed studies of liquid behavior on the nanostructures 
were carried out.  Deionized water (DI) with varying 
concentrations of surfactant (Triton X-100) ranging from 0.01% 
to 0.00125% by volume was used to vary the surface tension 
from 30.2 to 42.6 dynes/cm.    Characterization techniques 
include environmental scanning electron microscopy, 
fluorescence, white light, and interference microscopy, and high 
speed imaging.  
 
UNI-DIRECTIONAL SPREADING 
We investigated the effect asymmetric nanostructure design 
on liquid behavior (Fig. 1b) (14). Typical uni-directional 
spreading behavior on the fabricated asymmetric nanostructures 
is shown in the time-lapse images in Fig. 2. In this particular 
case, deionized (DI) water with a 0.002% concentration of 
surfactant (Triton X-100) by volume was deposited on the 
surface where the nanopillar deflection angle is 12°. The liquid 
propagates primarily towards the right, while the contact line 
pins in both the left and perpendicular directions (into the 
page). 
We determined that the behavior of the liquid film was well-
correlated with the behavior of the macroscopic droplet, i.e., the 
liquid film propagation determines the direction of the 
macroscopic droplet spreading.  To explain the uni-directional 
liquid film propagation, we developed a simple two-
dimensional geometric model where the pillars were simplified 
as slanted rectangles in the 2D model, detailed in (14).  The 
model assumes that the liquid film propagate only if the contact 
line is able to reach the next row of pillars.  In addition, when 
the liquid film propagates, the local contact angle of the liquid 
cannot be smaller than θeq according to Young’s Equation [5] 
due to the fact that θeq is the lowest energy state.  Therefore, θeq 
of the liquid must be equal to or smaller than a critical angle 
defined as θcr, which is based on based on the pillar geometry. 
To study the spreading behavior and validate the theoretical 
model, a series of experiments were conducted.  We used DI 
water and DI water with surfactants (Triton X-100 with 
concentrations ranging from 0.01% to 0.00125% by volume) on 
the polymer (poly(cycohexyl methacrylate-co-divinyl benzene)) 
coated surface with an equilibrium contact angle of 80° (DI 
water).  
 
Fig. 3 shows the experimental results of uni-directional 
spreading and the theoretical curves based on the geometric 
model.  The model is plotted for the case θcr = θeq in both +X 
(right) and –X (left) where the H/l (height-to-distance between 
pillars) ratio is 2.87 (H = 10 µm) for different pillar deflection 
angles and equilibrium contact angles.  The region bound by 
 
          (a)                                                   (b) 
 
Fig. 2. Time-lapse images of uni-directional spreading of a 
liquid droplet.   a) Side view and b) top view of a 1 µL 
droplet of DI water with 0.002% by volume of surfactant 
spreading on a surface with pillar diameters of 500-750 nm, 
spacings of 3.5 µm, and heights of 10 µm deflected at 12° 
shown in Fig. 2.  The contact line (left) stays pinned 
throughout the spreading process.  The liquid film 
propagates in front of the macroscopic droplet.  The scale 
bars are 1 mm. 
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θcr,-x and θeq =65° (i.e., the imbibition condition) indicates the 
parameter space (in blue) that allows uni-directional spreading.  
The square symbols () indicate experiments in which the 
liquid film propagates only in the +X direction, whereas the 
circles (○) are experiments where the film propagates 
directionally (in +X and –X). The triangles () show instances 
where the spreading is nearly uni-directional, i.e., the film 
propagates in –X but the propagation rate was at least five times 
slower than in +X.  The crosses (×) represent experiments 
where the film does not propagate at all due to the imbibition 
condition.  The excellent agreement between the experimental 
results and theory suggest the ability to predict uni-directional 
spreading behavior using asymmetric nanostructure design.  
Such behavior can be harnessed to achieve fine control of liquid 
directionalities. 
 
 
 
Fig. 3. Experimental results and the theoretical curves 
predicting uni-directional liquid spreading. The squares (), 
circles (○), triangles (), and crosses (×) show experimental 
results of uni-directional, bi-directional, nearly uni-
directional, and no liquid propagation, respectively.  The 
theoretical curves based on the proposed model are shown 
for θeq = θcr with varying deflection angles, φ, for H/l = 2.87.  
The center region (blue) bound by θcr,-x and θeq = 65° 
represents the parameter space that leads to uni-directional 
liquid spreading. 
 
MULTI-LAYER SPREADING 
For nanostructures, as shown in the scanning electron 
micrograph (SEM) in Fig. 1a, we observed liquid separation 
into multiple layers during the propagation across surfaces (15).  
A lower layer advances first, and subsequent sequential layers 
follows on top of the first one.  The phenomenon shown in 
Fig. 4 was visualized with fluorescent microscopy with a 40× 
magnification (NA=0.60).  A 29 mM Rhodamine B solution 
was used to enhance the contrast between the visualized layers. 
The multi-layer separation was positively correlated to the 
presence of the scalloped features on the pillars, which creates 
energy barriers.  When pillar arrays with the same diameter and 
spacing were fabricated but with non-visible scalloped features, 
the liquid spread across the surface with a uniform thickness.  
 
 
Fig. 4. Fluorescent image showing that the liquid is 
separated into multiple layers during spreading on the 
pillars shown in Fig.1a (15). 
 
Therefore, we developed a model based on surface energy 
to explain the observations, which is detailed in (15).  We 
simplified the scallops to tiered steps with an upper and lower 
height, hu and hl, upper and lower diameter, du, and dl, 
respectively, where the distance between the centers of 
neighboring pillars is l.  We also fabricated designs of the 
nanostructures with a single notch (to emulate a single scallop) 
with a defined size du, and height hl to validate the theory.   
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Fig. 5 Parameter space that determines the presence of 
single or dual layers for the case C=hl /(hu+hl)=0.49. 
 
Fig. 5 shows the results from the model compared with 
experiments for the case where the single notch is located at C= 
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hl /(hu+hl)=0.49.  The analytical curve in blue separates the 
regimes between single-layer and dual-layer spreading in the 
parameter space of A=dl/l, and B=du/dl. The experimental 
results show that the theoretical curve well demarcates the 
boundaries between geometries that lead to separated layers, 
and those that lead to a single layer, for both the advancing and 
receding processes. The results suggest that the spreading 
behavior can be controlled by choosing proper pillar 
geometries, which offer possibilities to control the thickness of 
liquid films on textured surfaces. 
 
PREDICTION OF PROPAGATION RATES 
In addition to predicting liquid behavior, quantitative 
understanding of liquid dynamics is needed.  We investigated 
the simple case of uniformly spaced pillar arrays with liquid 
driven by capillarity.  Washburn first proposed a model to 
predict liquid propagation rates in capillary tubes that balances 
capillary pressure with viscous resistance (16). Following 
Washburn’s approach, we developed a semi-analytical model to 
predict liquid propagation rates based on the diameter, height, 
and period of the pillar arrays (17).  
We determined the capillary pressure in the micropillar 
array using a thermodynamic approach minimizing interfacial 
free energy.  The pressure is defined as the change in surface 
energy per unit volume, Pcap= ΔE/ ΔV, where ΔE is the decrease 
in surface energy as the liquid fills one unit cell and ΔV is the 
corresponding volume of the liquid filling one unit cell.  To 
accurately predict the change in surface energy and volume, 
Surface Evolver (SE) (18) was used to simulate the shape of the 
meniscus with minimum surface energy. Meanwhile, we 
validated the meniscus shape with interference microscopy. To 
determine the viscous resistance, we used the one-dimensional 
form of Brinkman’s equation (19). By combining the proposed 
capillary pressure and viscous resistance models, an overall 
model to predict the propagation distance as a function of time 
is obtained, x=Gt
1/2 
where Pcap is the capillary pressure 
determined and G= (2Pcap/K)
1/2
  is defined as the propagation 
coefficient. Experiments were also performed on various 
microfabricated silicon pillars which show excellent agreement 
wtih the developed model. 
We subsequently determined an effective propagation 
coefficient, G/l, that is functionally dependent on only the 
dimensionless geometrical parameters h/d and d/l, where µ is 
the viscosity of the liquid, G is the propagation coefficient, and 
γ is the surface tension. Fig. 6a shows the relationship for water 
on silicon pillars with various d/l and h/d ratios. The 
relationship is valid with h ≥ l and d/l < 0.57. The effective 
propagation coefficient can be interpreted as a competition 
between the viscous resistance and the driving capillary 
pressure. As the ratio of h/d increases, the effective propagation 
coefficient increases and approaches an upper theoretical limit 
as h→∞. When the ratio of d/l increases, the viscous resistance 
and the capillary pressure both increase and a maximum 
effective propagation coefficient is reached. Beyond this limit, 
the viscous resistance increases faster than the capillary 
pressure, leading to a decrease in the effective propagation 
coefficient. The optimal d/l ratio and the corresponding 
maximum effective propagation coefficient for varying h/d 
ratios are shown in Fig. 6b. These results offer design 
guidelines to optimize micropillar geometries to enhance liquid 
transport. 
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Fig. 6 Design guidelines for the optimization of pillar array 
geometries for h ≥ l and d/l ≤ 0.57 (17). (a) Effective 
propagation coefficients predicted by the model for varying 
d/l and h/d ratios. (b) Design guidelines for maximum 
effective propagation coefficients on micropillar arrays with 
various aspect ratios and the corresponding optimal d/l 
ratios. 
CONCLUSIONS 
The work demonstrates that three-dimensional 
nanostructured surfaces offer new opportunities to achieve 
complex fluid behavior.  We used a combination of experiments 
and modeling to explain the effect of nanopillar geometry and 
liquid surface tension on uni-directional and multi-layer 
spreading behavior.  In addition, we developed a model to 
predict and optimize liquid propagation rates in pillar arrays.   
These fundamental studies promise exciting new possibilities to 
achieve new manipulation capability for compact and passive 
thermal management solutions to achieve efficient energy 
conversion systems. 
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